A new approach for inserting a photo-label at a selected position within the long ribosomal RNA molecules has been developed. The Escherichia coli 16S rRNA was cleaved at a single internucleotide bond, 1141-1142, with RNase H in the presence of a complementary chimeric oligonucleotide. 4-Thiouridine 5′, 3′-diphosphate was ligated to the 3′-end of the 5′ fragment at the cleavage site with T4 RNA ligase. The 16S rRNA fragments containing this added photo-reactive nucleotide were assembled together with total 30S ribosomal proteins into small ribosomal subunits. The ability of such 30S particles containing fragmented rRNA to form 70S ribosomes has been demonstrated previously. Crosslinks were induced within the 30S subunits by mild UV irradiation. The sites of crosslinking within the 16S rRNA were then analyzed using RNase H digestion and reverse transcription. Two crosslinks from the thio-nucleotide attached to nt C1141 of 16S rRNA were observed, namely to nt U1295 and G1272. These results are in agreement with the established proximity of helix 39 and 41 in the 3D structure of the 30S ribosomal subunit, as shown by other intra RNA crosslinking data. These data furthermore allow us to refine the structural arrangement of helices 41 and 39 relative to one another.
INTRODUCTION
Ribosomal RNA (rRNA) is known to play a key role in ribosomal function. In order to understand this role and to interpret the molecular basis of the translational process, it is essential to have a corresponding knowledge of the structure of the rRNA molecules within the ribosome and their rearrangements during the different phases of the translational cycle. On the basis of the large amount of available biochemical information, a number of models have been proposed for the three-dimensional structure of the large rRNA molecules, in particular the 16S rRNA from Escherichia coli (e.g. 1, 2) . The most recent of these models (3) has made use of new electron microscopically-derived reconstructions of the 70S ribosome at 20-25 Å (4-6), as a further physical constraint on the folding of the rRNA. Despite this progress, it is nevertheless clear that many more structural constraints will be needed to prove and refine the models, but in fact there are only relatively few experimental approaches which are suitable for the characterization of the mutual arrangement of the elements of the large rRNA molecules within their tertiary structure. Chemical foot-printing techniques (e.g. 7) , for example, are not able to distinguish between direct RNA-RNA or RNA-protein contacts, and those that are allosteric effects or induced by conformational changes during the experiment. On the other hand, classical crosslinking methods, whereby the ribosome is subjected to UV irradiation or treatment with bifunctional reagents (e.g. 8, 9) , suffered from the disadvantage that the subsequent analysis of the crosslinked sites is a difficult procedure, and moreover this type of methodology does not allow the researcher to 'choose' which part of the structure to investigate.
What is obviously needed for the study of intra-RNA neighborhoods within the rRNA is some kind of 'site-directed' crosslinking approach, analogous to that which has been successfully applied to the investigation of contacts between ligands such as tRNA or mRNA and the ribosome. In this method, photo-reactive groups can be attached to a specific modified nucleotide within a tRNA molecule (10, 11) , and then-after binding the modified tRNA to the ribosome-the crosslinking is induced by mild UV irradiation. Here the length of the reagents used is normally of the order of 10 Å. Alternatively, azidonucleotides or thionucleotides can be inserted into the tRNA molecules at specific positions, to give 'zero-length' crosslinks (12, 13) . The latter approach has been particularly useful in studying contacts between mRNA and 16S rRNA, using short mRNA analogues carrying thionucleotides at selected sites (14) (15) (16) (17) . The difficulty in applying such techniques to the study of the tertiary structure of the rRNA itself is to find a suitable method for inserting the photo-label at a desired position within the rRNA molecule. One possibility is to hybridize complementary oligodeoxynucleotides carrying a photo-label attached to one end to single-stranded regions of the rRNA (18) . However, there are only a limited number of sites where single strands that are sufficiently long for specific hybrid formation are available within the rRNA secondary structure; such sites must at the same time be accessible for hybridization within the intact ribosomal subunits. Moreover, it is difficult to exclude the possibility that formation of the hybrid helix could cause severe local distortion of the rRNA structure. In principle, it would be possible to randomly incorporate photoreactive nucleotides such as thiouridine into the rRNA, but in practice the difficulty in analyzing the spectrum of crosslinked products has the result that the usefulness of this 'general' approach is limited to short RNA molecules, such as the 5S rRNA (19, 20) .
In this paper, we describe a new technique which enables a photoreactive label to be attached to a selected position within the rRNA, with subsequent incorporation of the modified rRNA molecule into the ribosome. The method is based on the previous observation that active ribosomes can be reconstituted from fragmented rRNA (21, 22 ). The application of ribonuclease H in combination with complementary modified chimeric oligonucleotides (23) allows the long rRNA molecule to be cut at a single internucleotide bond, and radioactive 4-thiouridine-(3′, 5′)-diphosphate ('psUp') can then be ligated to the end of the rRNA fragment at the cleavage site. The rRNA modified in this way is reconstituted together with ribosomal proteins, leading to a ribosomal particle which carries the photo-label (or indeed any other type of modification) at a specific position within the rRNA chain. Here we document our first application of this methodology to the 16S rRNA in the E.coli 30S subunit, and describe the analysis of the crosslink sites obtained. The advantages and difficulties of the approach are discussed.
MATERIALS AND METHODS

Synthesis of chimeric oligonucleotides
The following chimeric oligonucleotides were used in this series of experiments (Table 1) . The chimeric oligonucleotides were assembled on controlled pore glass (CPG-500) with an immobilized 2′-acetyl ribonucleotide, using standard phosphoramidite procedures on an Applied Biosystems 380B DNA synthesizer. The condensation (coupling step) was increased to 6 min, and 5-(4-nitrophenyl)-1H-tetrazole (0.1 M in acetonitrile) was used in place of tetrazole (normally 0.5 M) as the condensing agent. Protected nucleoside β-cyanoethylphosphoramidites were obtained from Pharmacia, Biotech (Germany), 2′-OMe-RNA CE-phosphoramidites from Glen Research (USA), and 5-4(nitrophenyl)-1H-tetrazole from Cruachem (UK).
Cleavage of 16S rRNA at a selected single internucleotide bond
Reaction mixtures (40 µl) containing 16S rRNA (3.5 pmol/µl), 10 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 25 mM NH 4 Cl, 0.2 mM dithiothreitol, an equimolar amount of the appropriate chimeric oligonucleotide (see above) and ribonuclease H solution (1 µl, prepared as in ref. 24) were incubated for 30 min at 37_C. After deproteinization by phenol extraction, the rRNA fragments were precipitated with ethanol and used in the ligation reaction (see below).
Synthesis of ( 32 P)-labeled 4-thiouridine-5′, 3′-diphosphate (psUp) 32 P-labeled psUp was synthesized from 4-thiouridine-3′-phosphate (kindly provided by Dr A. Topin, Dept of Chemistry, Moscow State University) by treatment with T4 polynucleotide kinase in the presence of [γ-32 P]ATP according to standard procedures (25) . The reaction products were analyzed by thin-layer chromatography on PEI-cellulose plates in 0.38 M KH 2 PO 4 .
Ligation of psUp to the 16S rRNA cleavage site 32 P-labeled psUp was ligated to the 3′-ends of the 16S rRNA fragments generated by ribonuclease H digestion (see above) using the standard buffer conditions of Bruce and Uhlenbeck (25) . The reaction mixtures contained 3 pmol/µl of fragmented 16S rRNA, 6 pmol/µl radioactive psUp and 0.02 U/µl T4 RNA ligase, and were incubated at 4_C overnight. After deproteinization by phenol treatment, followed by ethanol precipitation, the ligated samples were reconstituted into ribosomal particles. Aliquots were analyzed by electrophoresis on 4% polyacrylamide gels.
Reconstitution of fragmented 16S rRNA into 30S subunits or 70S ribosomes
16S rRNA fragments (3 pmol/µl) were pre-incubated for 15 min at 40_C in a buffer consisting of 10 mM Tris-HCl pH 7.5, 10 mM magnesium acetate, 400 mM NH 4 Cl and 4 mM 2-mercaptoethanol. Then, a solution containing a 1.5 molar excess of total 30S ribosomal protein (7 pmol/µl), prepared by the procedure of ref. 26 in the same buffer was added, and the mixture incubated for 20 min at 40_C. Next, the magnesium concentration was raised to 20 mM and incubation was continued for 50 min at 42_C, following which the mixture was chilled on ice. The samples were used either for the isolation of 30S subunits by 10-30% sucrose gradient centrifugation (23 000 r.p.m., 18 h, SW41 rotor ), or for the preparation of 70S ribosomes. In the latter case, the reaction mixture containing the reconstituted 30S subunits was diluted so as to give a composition of 10 mM Tris-HCl pH 7.5, 20 mM magnesium acetate, 200 mM NH 4 Cl and 4 mM 2-mercaptoethanol. A 2-fold molar excess of 50S subunits (9 pmol/µl) in the same buffer was pre-incubated for 10 min at 42_C and added to the solution of 30S subunits. After incubating for 15 min at 37_C, the mixture was chilled on ice and analyzed by sucrose gradient centrifugation (15) .
Crosslinking procedure, and analysis of crosslink sites
The reconstituted 30S subunits or 70S ribosomes were subjected to mild UV irradiation at a wavelength of 350 nm as described previously (15) . The crosslinked rRNA was isolated by phenol extraction, followed by ethanol precipitation. The crosslink sites within the rRNA were then identified by digestion with ribonuclease H in the presence of oligodeoxynucleotides complementary to selected sequences in the 16S rRNA, combined with primer extension analysis, according to our usual procedures (see text, and refs 15, 19) .
RESULTS
Cleavage of 16S rRNA at a selected internucleotide bond
In order to insert a photoreactive label at a desired position within the 16S rRNA sequence, the 16S molecule must first be cleaved at a single internucleotide bond. There are in principle two ways of achieving this, viz. ribozyme cleavage, or digestion with ribonuclease H in the presence of modified oligonucleotides complementary to the 16S rRNA region concerned. In a previous study (23), we tested both approaches and found that the ribonuclease H method is more suitable if an appropriately modified oligonucleotide is used. In the presence of a non-modified oligodeoxynucleotide, the ribonuclease H digestion reaction leads to the appearance of several cleavages in the rRNA chain, within or close to the oligodeoxynucleotide binding site. However, the selectivity of the ribonuclease reaction can be increased by the use of a modified oligonucleotide, and a number of different modifications have been reported for this purpose. It has been shown that the application of chimeric oligonucleotides containing both deoxy-and 2′-OMeresidues significantly improve the cleavage specificity (27-28), and we have found previously that a chimeric oligonucleotide containing a block of four deoxyribonucleotides at the 5′-terminus, ten to twelve 2′-modified ribonucleotides in the middle and a single ribonucleotide at the extreme 3′-terminus, leads to specific cleavage at a single internucleotide bond within the rRNA chain (23) . Similar results have recently been obtained by Lapham and Crothers with short synthetic RNA molecules (29) .
The chimeric oligonucleotide sequences which we have used in this study, complementary to 16S rRNA positions 343-359, 551-565, 696-712, 1126-1141 and 1372-1384, are described in Materials and Methods. The ribonuclease H digestion in the presence of these oligonucleotides was carried out at 37_C in the presence of magnesium ions, but without an annealing step. These conditions were found to be optimal; at lower temperatures the yield of the cleavage reaction was decreased, whereas at higher temperatures (above 42_C) there is a danger that the secondary and tertiary structure of the 16S rRNA might be damaged, with detrimental effects on the subsequent reconstitution into 30S subunits. Under the conditions used, the yield of the ribonuclease H hydrolysis was ∼80% in all cases (data not shown). The positions of the cleavage sites were confirmed by primer extension analysis (30) , and some examples of these analyses are shown in Figure 1 . The distinct stop signals correspond to the cleavage positions, and it can be seen from Figure 1 that a single internucleotide bond is involved in each case. The cleavage sites always lie just at the end of the heteroduplex at the 3′-end side of the rRNA chain, the bonds that were cleaved by the five different oligonucleotides being 359-360, 565-566, 712-713, 1141-1142 and 1384-1385.
Reconstitution of 30S subunits with fragmented 16S rRNA
30S subunits containing the fragmented 16S rRNA were reconstituted under the conditions of Lietzke and Nierhaus (31) , with minor modifications as described in Materials and Methods; intact 16S rRNA was used as a control. The reconstituted subunits were purified by sucrose gradient centrifugation, and examples are shown in Figure 2A for the 16S rRNA cleaved at positions 565-566, 712-713 and 1141-1142. In these three cases we were able to reconstitute 30S particles with a high yield, similar to that obtained with the intact 16S rRNA. The 30S subunits containing the same three cleaved 16S rRNA molecules were also able to form 70S ribosomes, albeit at a lower efficiency (30-50%) in comparison with 30S subunits reconstituted with intact 16S rRNA. The sucrose gradient for the 1141-1142 cleavage is illustrated in Figure 2B , compared with control gradients. In every case, the rRNA was isolated from the purified 30S subunits or 70S ribosomes, and analyzed by electrophoresis on denaturing polyacrylamide gels; each particle showed the expected pattern of rRNA fragments. In contrast to the 16S rRNA with cleavages at positions 565-566, 712-713 and 1141-1142, the rRNA cleaved at positions 359-360 or 1384-1385 could not-in our hands-be reconstituted into 30S subunits.
Insertion of the photo-label at the cleavage site in 16S rRNA
Since the 3′-end of an RNA fragment generated by ribonuclease H digestion carries a free 3′-OH group, it can be used directly as a substrate for the RNA ligase-catalyzed reaction with a modified nucleoside 3′,5′-diphosphate. In this study, we made use of 4-thiouridine, which previous experience has shown to be an effective crosslinking agent (32, 33) . The substrate for the RNA ligase, psUp, was synthesized from the corresponding 3′-monophosphate with the help of T4 polynucleotide kinase and [γ-32 P]ATP. The reaction products were analyzed by thin layer chromatography (Fig. 3) . It should be noted that an excess of non-phosphorylated sUp does not interfere with the subsequent ligation reaction, as it is not a substrate for RNA ligase.
After the reaction with T4 RNA ligase, the products carrying the 32 P-labeled psUp at their 3′-ends were analyzed on 4% denaturing polyacrylamide gels, and typical examples, for 16S rRNA cleaved at positions 565-566, 712-713 and 1141-1142 are shown in Figure 4A . Surprisingly, the yield of the ligation of the psUp to the 3′-terminus of the 5′-fragment was much higher than that to the extreme 3′-terminus (nucleotide 1542) of the 16S rRNA; the band corresponding to the latter fragment is too weak to be visible in the autoradiograms shown in Figure 4A , and the same result was found for all three cleavage positions.
Crosslinking
The 16S rRNA cleaved at position 1141-1142 was chosen as the substrate for a first crosslinking study with this methodology. After reconstitution of 30S subunits from the fragmented 16S rRNA carrying 32 P-labeled psUp at this position with 30S ribosomal proteins, the particles were separated by sucrose gradient centrifugation and subjected to mild UV irradiation at 350 nm (15, 33) . The rRNA was isolated by phenol extraction and analyzed on 4% denaturing polyacrylamide gels. A typical result is shown in Figure 4B , which indicates that in the crosslinked sample there is a band (lane 2) which moves more slowly than the labeled 1141 nt fragment (lane 1). This band represents a crosslinked product connecting the 5′-and 3′-fragments of the cleaved 16S rRNA.
In order to localize the crosslinked region within the rRNA, the ribonuclease H digestion method (14,33) was applied. Preliminary analysis (data not shown) revealed that the crosslink lies within the 3′ RNA fragment 1142-1542. Further analyses were performed to localize the crosslinked region within this large fragment (Fig. 5) . In this case, it was necessary to use three oligodeoxynucleotides (10-17 nt long) simultaneously. The first oligodeoxynucleotide is complementary to a site (1100-1117) just upstream of the cleavage site at position 1141-1142, enabling the 32 P-labeled psUp moiety to be released from the 5′-rRNA fragment as a short oligonucleotide. The second oligodeoxynucleotide is complementary to a site (1491-1507) close to the extreme 3′-terminus of the 16S rRNA, so as to effectively eliminate any 32 P-labeled fragments or minor crosslinked products arising from the small amount of psUp that is ligated to the 3′-terminal nucleotide (1542). Finally, the third oligodeoxynucleotide is chosen so as to be complementary to various sites within the 3′-fragment of the 16S rRNA, enabling the crosslink location within this fragment to be determined. By varying the position of the third oligodeoxynucleotide, the rRNA region containing the crosslink site could be progressively narrowed down, and typical gels containing the ribonuclease H digestion products are illustrated in Figure 5 . Fragmented labeled rRNA isolated from the same reconstituted ribosomes but without UV irradiation was used as a control, and in each pair of slots in Figure 5 the control sample is on the left, the crosslinked sample on the right.
Ideally it would be expected that the only 32 P-label to be seen on the gels is that within the psUp residue attached to the 5′-fragment at position 1141. However, since the psUp was added to the ligation reaction without purification, the residual polynucleotide kinase used in its synthesis (see Materials and Methods) is able to cause phosphate exchange between the labeled 5′-phosphate group of the psUp and the 5′-terminal phosphate of the 1141-1542 fragment of the 16S rRNA. Accordingly, each pair of gel slots shows a radioactive band corresponding to the 16S rRNA fragment extending from position 1142 to the cutting site of the third (variably placed) oligodeoxynucleotide; these bands are not relevant to the crosslinking reaction. The important bands in the gels of Figure 5 are those specific to the crosslinked samples, which correspond the 32 P-labeled fragment from positions 1110-1141 crosslinked to a ribonuclease H-excised segment from 3′-region of the 16S rRNA. In slot 1 of Figure 5A , the mobility of the crosslinked fragment (370 nt) corresponds to the segment between positions 1142 and 1510. In slot 2 (290 nt) the crosslinked fragment corresponds to the segment between positions 1220 and 1510, and so on (see legend to Fig. 5) . From the data of Figure 5A , the crosslinked site could thus be localized to the region between positions 1220 and 1300 of 16S rRNA. From the corresponding series of ribonuclease H digestions shown in Figure 5B , it is clear that the crosslink lies between positions 1270 and 1510. Taking the data of Figure 5A and B together, we can conclude that the crosslink from the psUp residue attached to positions 1141 lies in the region between nucleotides 1270 and 1300 in the 3′-fragment of the 16S rRNA.
The precise position of the crosslink site within the 1270-1300 region of the 16S rRNA was determined by primer extension analysis (30) . For this purpose, a 16S rRNA fragment of ∼260 nt crosslinked to the 1140-1141 psUp residue was isolated by ribonuclease H digestion in the presence of three oligodeoxynucleotides; the digestion was the same as that of Figure 5B , lane 2. The corresponding faster-moving non-crosslinked fragment was isolated from the same gel as a control, and the results of the subsequent primer extension analysis are shown in Figure 6 . Stop signals can be seen at positions 1273 and 1296 of the 16S rRNA, indicating that crosslinking has occurred at positions 1272 and 1295, one nucleotide upstream of the stop signals. As usual, in view of the tendency for the primer extension method to show artifacts in crosslink site analyses (34), we only considered stop signals that were reproducibly observed within the 16S rRNA region (1270-1300) that had already been unambiguously Figure 7 . The secondary structure of the 3′-domain of 16S rRNA from E.coli. Crosslinks between helices 39 and 41 are marked by solid lines. 'UV' is the intra-rRNA crosslink previously described (8) and 'SU' is the crosslink described in this paper.
identified by the ribonuclease H method. Thus, we conclude that the crosslink sites from the psUp residue attached to nucleotide 1141 of the 16S rRNA are at positions 1272 and 1295 of the latter.
DISCUSSION
An approach based on the insertion of a modified residue at a selected position within an RNA molecule is potentially very powerful for the investigation of the fine structure and functional properties of that RNA. Similar methods have been developed earlier for short RNA molecules such as tRNA (12, 13) , or for the study of the mechanism of the splicing reaction (35) and of ribozyme action (36) . However, in all these cases the integrity of the RNA molecule concerned was restored by ligation of the RNA fragments, one of which contained the modified residue. Short RNA fragments can be ligated with high efficiency (35) but in the case of longer RNA molecules rich in secondary structure a more complicated procedure has to be used, and the ligation occurs with a much lower yield (36) . We have attempted to ligate various different fragments of the 16S rRNA, but have only been successful with fragments of 100-300 nt in length in the presence of several oligodeoxynucleotides complementary to different sequences within the rRNA fragment (which help to disrupt tightly folded rRNA structures in the vicinity of the ligation site). In such cases we were able to obtain ligation in sufficiently high yield (∼70%), but with longer fragments the yield dropped rapidly to 1-2%, and neither the application of additional complementary oligodeoxynucleotides nor the denaturing of the rRNA structure resulted in a significant improvement (23) .
Some years ago it was demonstrated that active ribosomes could be obtained by the reconstitution of fragmented rRNA with ribosomal proteins (21, 22) . We have made use of this observation by inserting the photo-label at the 3′-terminus of the fragments followed by reconstitution, so as to obtain 30S subunits containing fragmented rRNA and with the photo-label attached to the end of the rRNA fragment at the cleavage site. An important feature of the procedure is the fragmentation of the 16S rRNA under conditions producing cleavage of a single internucleotide bond. Here the crucial point is the application of chimeric oligonucleotides, consisting of a short block of deoxynucleotides (which are recognized by the ribonuclease H) connected to a longer block of 2′-OMe residues which govern the stability and specificity of the heteroduplex formation at the chosen site within the 16S rRNA (but which at the same time cannot be cleaved by the enzyme). Different combinations of such blocks of nucleotides, which increase the selectivity of the ribonuclease H reaction, have been described by Monia et al. (37) . The chimeric oligonucleotides used here contained a block of four deoxynucleotides connected to a block of ten to twelve 2′-OMe residues. We have tested 2′-F and 2′-OH oligonucleotides as well as the 2′-OMe compounds, and all of them showed the same high degree of selectivity in the ribonuclease H digestion. The advantage of the 2′-OMe compounds, however, is their remarkable stability during storage. Furthermore, the heteroduplexes containing these nucleotides are more stable than those containing, 2′-OH, 2′-F or 2′-OEt groups (37), which makes the ribonuclease H digestion less dependent on the rRNA structure in the region to be cleaved. In all the cases that we have so far tested using this type of chimeric oligonucleotide the result has been an efficient cleavage at a single internucleotide bond in the 16S rRNA.
Here we have described digestions of the 16S rRNA at five different positions, viz. 359-360, 565-566, 712-713, 1141-1142 and 1384-1385, and in three of these cases, viz. 565-566, 712-713 and 1141-1142, 30S subunits could be reconstituted from the fragmented rRNA in good yield. However, in the remaining two cases, 359-360 and 1384-1385, reconstituted particles sedimenting at 30S were not found. From the secondary structure of the 16S rRNA one might expect that the fragments obtained by cleavage at position 1384-1385 would dissociate from one another, and this could explain why no 30S subunit was recovered in this instance. On the other hand, a dissociation of the fragments does not necessarily lead to a failure of the reconstitution process; it has for example been shown (22) that two fragments of 16S rRNA cleaved in the region of nucleotides 770-778 dissociate in solution but can nevertheless be re-associated in the presence of proteins S4 and S16. In the case of the 16S rRNA fragmented at position 359-360 no dissociation would be expected, as this site lies deep within the secondary structure of the 5′-domain of the 16S rRNA. In this case, the lack of reconstitution could be due to the disruption of a crucial tertiary interaction within the rRNA, or, more likely, of a protein-rRNA interaction. The footprinting data of Stern et al. (38) indicate that the binding of protein S4 causes an enhanced modification of nucleotide base 360 and some neighboring bases, and it was observed that protein S16 protects these same bases. Binding of protein S16 depends on the presence of S4 during subunit assembly (39), S4 being one of the first proteins to be incorporated. Thus, it could be that cleavage of the 359-360 internucleotide bond damages the binding site for protein S16. The mutation of G359 to an A leads to a loss of ribosomal function (40) , which could be partially restored by a complementary mutation of C52 to U (41) . This provides additional evidence for the importance of the native RNA structure in this region for ribosome assembly and function.
The 30S subunit reconstituted from 16S rRNA fragmented at position 1141-1142 was chosen for the crosslinking study for two reasons. First, this site lies outside the decoding center of the 30S subunit, and therefore the internucleotide cleavage would not be expected to be seriously detrimental to the functional activity. Secondly, it has been shown previously that helix 39 of the 16S rRNA (which contains residue 1141) can be crosslinked to helix 41 by mild UV irradiation (8) , and therefore the cleavage site at 1141-1142 offers the possibility of confirming or extending this information. Indeed, we have found here that the psUp residue at position 1141 becomes crosslinked to nucleotides 1272 and 1295 of the 16S rRNA, both of which are located in helix 41. These data are illustrated in Figure 7 , and the result gives us confidence that our new method for site-directed crosslinking within the 16S rRNA is capable of describing new tertiary contacts or interactions within the rRNA in the ribosome. Further evidence for the proximity of helices 39 and 41 comes from the footprinting data for protein S9 (7), which shows both base-specific and hydroxyl radical footprints in the two helices. In the most recent model for the three-dimensional packing of the 16S rRNA (3), helix 39 and 41 are arranged antiparallel to one another in the head of the 30S subunit, and the locations of the crosslink sites from the 1141-1142 cleavage site are shown in the stereo photograph, Figure 8 . It can be seen that the two target sites (nt 1272 and 1295) lie one on either side of the position of nt 1141. Since 4-thiouridine is effectively a zero-length crosslinking reagent, it seems probable that in the cleaved 16S rRNA the base-pairing at positions 1133-1135/1139-1141 close to the loop end of helix 39 ( Fig. 7) is disrupted, thereby giving the 4-thioU residue sufficient flexibility to reach the two crosslink targets.
It is clear that not all rRNA positions can be used for the crosslinking procedure we have described here, because, as already discussed above, cleavage at certain internucleotide bonds can prevent the reconstitution of ribosomal subunits. Another potential drawback is that the insertion of the photo-label could disturb the local structure of the rRNA to a greater or lesser extent. Nevertheless our method opens the possibility of discovering new contacts or neighborhoods within the rRNA molecules, or of studying structural re-arrangements taking place at different stages of the translation process. In the case of the 50S subunit, there is very little data available concerning intra-rRNA contacts, and the same is true for contacts at the 30S-50S subunit interface. We anticipate that the application of our method could provide useful information in these areas, and in this context it is important to note that we have recently shown that 50S subunits containing fragmented 23S rRNA can be successfully reconstituted (O.Gurvich, unpublished data). A further point of interest is that not only a photo-label, but in principle any other desired reagent, can be attached at the cleavage site within the rRNA. For example, the method could be used in electron microscopic studies for the insertion of heavy atoms in X-ray crystallographic studies, or for the insertion of reagents for metal ion-dependent RNA cleavage. Conversely, the procedure can also be applied to the study of any other complex biological system containing RNA molecules.
